An 8-year-old boy with hypoplastic left heart syndrome with a previous history of thrombosis within the inferior vena cava receiving stable warfarin dosing for anticoagulation was diagnosed with influenza B. He was subsequently placed on oseltamivir therapy according to the Centers for Disease Control and Prevention clinical practice guidelines. During the hospitalization, his international normalized ratio steadily increased to supratherapeutic levels and returned to baseline after discontinuation of oseltamivir therapy. This case represents a drug-drug interaction that has not been previously reported in children or adolescents. An extensive review of the pharmacokinetic and pharmacodynamic literature did not uncover a definitive etiology for this interaction. However, several undefined aspects in each drug's disposition pathway need further elucidation. Until this interaction is understood, caution is warranted, and close monitoring of the international normalized ratio should be performed in all patients prescribed oseltamivir concomitantly with warfarin.
Oseltamivir, a neuraminidase inhibitor used for the prophylaxis and treatment of influenza, is a well-tolerated agent with a mild side-effect profile and relatively few reported drug-drug interactions. [1] [2] [3] Oseltamivir is administered as an ethyl ester prodrug, which is converted in the liver by carboxylesterase 1A1 (HCE1) to its active metabolite oseltamivir carboxylate (OC). 4,5 OC is a direct inhibitor of neuraminidase, thereby blocking replication of the influenza virus within the host cell and subsequent penetration into unaffected mucosal tissues. 6 Neither the parent drug nor the active metabolite appear to serve as substrates, inducers, or inhibitors of cytochrome P450, although the literature in this regard is limited. 7 However, a case series in adults suggested an increase in international normalized ratio (INR) and bleeding events when oseltamivir was given concurrently with warfarin. 8 We report what is, to our knowledge, the first case of a possible oseltamivirwarfarin interaction in children. . At ∼6 years of age, he was noted to have a small, mobile, nonocclusive thrombus in his inferior vena cava on a routine transthoracic echocardiography and was started on warfarin therapy with an INR goal of 1.5 to 2.5. There were no other hemodynamic changes noted at the time, and a thrombophilia laboratory evaluation was negative. His INR values have remained stable and within the target range since the initiation of warfarin. During the previous 12 months he had been maintained on a daily warfarin dose of 3.5 mg (0.17 mg/kg). Other medications included digoxin, captopril, furosemide, and esomeprazole, all of which were unchanged over the past 2 years. The family denied any change in diet (specifically vitamin K-containing foods) in the days preceding his illness.
PATIENT PRESENTATION
The patient presented to our emergency department during the winter season with a history of fevers, cough, congestion, and emesis over 48 hours. A rapid influenza test confirmed influenza type B infection. Because of dehydration and lack of adequate oral intake, he was admitted for further management. Given his history of complex congenital heart disease and need for hospitalization, a 5-day course of oral oseltamivir was initiated at 45 mg twice daily as recommended in the Food and Drug Administration product label and Centers for Disease Control and Prevention guidelines. On day 3 of oseltamivir treatment, the patient's INR had increased to 3.33. By day 4 of treatment (day 6 of illness) his INR was 4.78 (Fig 1) .
Cardiology was consulted and recommended a decrease in warfarin to 2 mg daily. On day 7 of illness, the patient completed his 5-day course of oseltamivir and was clinically stable for discharge. Outpatient laboratory evaluation post-hospital day 2 (day 9 of illness) revealed an extremely elevated INR of 7.46. Recommendations were made to hold the warfarin for 2 days after which his INR decreased to 1.91. The patient was subsequently restarted on his original dose of warfarin and repeated INR values over the past 12 months have been within target (Fig 1) .
DISCUSSION
To our knowledge, this is the first reported case of a possible oseltamivir-warfarin interaction in a child with influenza. Although our patient did not experience any bleeding events, he was at high risk of bleeding during his illness, with a more than threefold increase in his INR over baseline. Notably, a small retrospective Korean study in patients stably maintained on warfarin reported that nearly onehalf of these patients (n = 7 of 15) showed a 2.5-fold increase in INR and 3 experienced bleeding events within 10 days of initiating oseltamivir treatment. 8 Baseline liver function, influenza serotype, and oseltamivir dosing regimen did not appear to explain the elevations in INR. In contrast, a 2-way crossover study in 20 non-influenza-infected adults revealed no pharmacokinetic or pharmacodynamic effects when oseltamivir was coadministered with warfarin. 9 Whether the presence of influenza infection is necessary but insufficient to precipitate an oseltamivir-warfarin drug-drug interaction is unclear. Influenza A subtype H1N1 has been reported to induce bleeding (eg, pulmonary hemorrhage) in adults; however, bleeding in this situation may occur as a byproduct of the respiratory injury as opposed to a primary coagulation abnormality. 10, 11 A placebocontrolled trial and a recent systematic review demonstrated that influenza vaccination had no significant impact on INR values or warfarin dosing. 12, 13 The accumulated oseltamivir-warfarin data collectively seem to suggest that there may exist a subpopulation that is genetically susceptible to experiencing this drug-drug interaction. The possible and pharmacodynamic scenarios by which this interaction could occur to increase the INR were examined with specific attention to the full disposition pathway.
From a pharmacokinetic perspective, it is doubtful that oseltamivir enhanced warfarin absorption because warfarin is rapidly and completely absorbed and thereby not subject to any further enhancement. 14 It is also unlikely that the modestly protein-bound oseltamivir would increase the free fraction of warfarin by displacing this highly bound drug from circulating proteins. 6 It remains unknown if oseltamivir could enhance the cellular uptake of warfarin because specific hepatic uptake transporters for warfarin have not been identified. Last, there is no evidence to suggest that oseltamivir or OC serves as an inhibitor or competitive substrate for cytochrome P450 enzymes (CYPs) 1A2, 2C9, and 3A4, which metabolize warfarin. 7 However, these data have never been published nor peerreviewed and are data on file at the manufacturer and needs further elucidation. Thus, many of the pharmacokinetic scenarios appear unlikely based on our systematic evaluation of the disposition pathway of each drug. However, additional investigations of oseltamivir and metabolite interactions with CYPs would aid in making this determination. Interestingly, the previous case series did not include any pharmacogenetic evaluations of the patients described therein. 8 Sequence variations that alter warfarin disposition (eg, CYP2C9*2 and CYP2C9*3) may disproportionately impair warfarin clearance in the presence of oseltamivir. 15 Pharmacodynamically, it is not expected that oseltamivir decreases the absorption of vitamin K 1 because it does not alter serum vitamin K 1 concentrations in patients receiving stable warfarin dosing. 9 Currently, there are no published studies describing the pharmacodynamic impact of oseltamivir on intestinal microflora and whether this antiviral could decrease bacterial production of vitamin K 2 . Hepatic uptake of vitamin K occurs via the apolipoprotein E receptor, 16 but there is a paucity of published studies evaluating the interaction between oseltamivir and apolipoprotein E receptor. To prevent vitamin K clearance, an interaction would have to occur between oseltamivir, or its metabolites, and vitamin K epoxide reductase complex subunit 1 (VKORC1), g glutamyl-carboxylase (GGCX), or CYP4F2, for which there are no data. It has also not been identified whether oseltamivir affects the consumption of clotting factors.
Because the data available to date suggest that the pharmacokinetic scenarios presented above may be less likely to contribute to an interaction than the pharmacodynamic scenarios, additional investigations should be directed toward an examination of oseltamivir's impact on vitamin K disposition. The pharmacogenomic impact of altered vitamin K activation has been heavily investigated in altered warfarin dosing. 17, 18 For instance, variations in CYP2C9 (*2, *3) and vitamin K epoxide reductase complex (VKORC) are significantly associated with warfarin sensitivity. 18 Although we did not examine CYP2C9 and VKORC genotype in our patient, he was stable at a weight-normalized dose near the expected mean for age to maintain a targeted INR of 2 to 3 since the start of warfarin therapy. 19 Nonetheless, selected sequence variations in VKORC may alter an individual's susceptibility to an interaction.
Whether observations of an elevated INR in the current and previous report reflect a drug-drug or drugdisease interaction remains uncertain. 8 Further analysis is warranted in this cohort of patients using collaborative databases involving pediatric cardiology therapeutics to explore the prevalence and impact of this interaction. Nonetheless, there is clear evidence for an interaction of some sort, which merits additional exploration. Targeted oseltamivir and OC interactions with selected CYPs of varying pharmacogenetic constitution would likely be of highest yield. Until this interaction is understood, caution is warranted, and close monitoring of the INR and consultation with anticoagulation specialists should be performed in all patients prescribed oseltamivir concomitantly with warfarin. 
